In fecal specimens of patients with nonbacterial acute gastroenteritis, morphologically distinct round-structured viruses (approximately 20 to 40 nm in diameter) have been detected by electron microscopy (9, 10) . Of these viruses, Norwalk or Norwalk-like viruses (18) (19) (20) (21) (22) 38) and astroviruses (17, 24, 39 ) have been recognized as major etiologic agents of human gastroenteritis (4) , and recent genetic analyses have revealed that they can be classified into the families Caliciviridae and Astroviridae, respectively (8, 23) .
In 1989, we isolated a novel cytopathic small round virus, designated Aichi virus, from a stool specimen of a patient with oyster-associated nonbacterial gastroenteritis. The virus caused apparent cytopathic effects of BS-C-1 cells (40) . By using an enzyme-linked immunosorbent assay, 13 of 47 (28%) stool specimens collected from five different oyster-associated gastroenteritis outbreaks were shown to be positive for the Aichi virus antigen. Seroconversion, detected by an increase of the neutralizing antibody titer up to four times or more, was observed in 20 of 43 (47%) paired sera from these outbreaks (41) . Furthermore, Aichi virus was isolated from Pakistani children with gastroenteritis as well as from Japanese travelers who developed gastroenteritis after having traveled in Southeast Asian countries (42) . Although direct evidence for the pathogenesis of the virus has not been obtained yet, these findings strongly suggested that Aichi virus is one of the causative agents of human gastroenteritis.
A morphological study on purified Aichi virus virions indicated that the surface structure is characteristic of a small round-structured virus (40) . However, the ability to grow in cultured cells, along with other biological properties, i.e., resistance to treatment with chloroform and stability under a low pH (pH 3.5), suggested that Aichi virus was a member of the enteroviruses. However, none of the enterovirus antisera neutralized Aichi virus, and, conversely, the antiserum to Aichi virus did not react with any other enterovirus or other enteric viruses such as Norwalk-like viruses and astroviruses (40, 41) . Neither a nucleotide nor amino acid sequence has been reported yet. Therefore, definitive classification of this virus remains unclear.
In this study, we performed molecular cloning and complete nucleotide sequence analysis as well as genetic analysis of Aichi virus genome RNA to define the phylogenetic relationship between Aichi virus and other RNA viruses. Our results indicated that Aichi virus is a distinct member of the known picornaviruses.
A standard Aichi virus strain, A846/88, was isolated in BS-C-1 cells, as described previously (40), plaque purified, and then grown in Vero cells. The virion was purified by CsCl and sucrose density gradient centrifugation, as described elsewhere (40) , and RNA was extracted by proteinase K treatment followed by phenol-chloroform extraction and ethanol precipitation (36) . One microgram of the RNA was converted into cDNA with a mixture of random and oligo(dT) 15 primers (Promega Corp., Madison, Wis.) by using a reverse transcriptase from Moloney murine leukemia virus (Gibco BRL, Gaithersburg, Md.), which was subsequently cloned into pBR322 (Gibco BRL) by a dC-dG-tailing method, as previously described (35 Previous studies have shown that the Aichi virus virion contains a single-stranded RNA molecule as the genome (40) . The length was roughly estimated to be 8.2 kb by agarose gel electrophoresis under a denatured condition (data not shown). Twelve overlapping cDNA clones spanning the entire genome were obtained, and their nucleotide sequences were determined. The RNA genome of Aichi virus consists of 8,251 nucleotides (nt), excluding a poly(A) tract. A large open reading frame with 7,302 nt that encodes a potential polyprotein precursor of 2,433 amino acids (aa) was found; it is preceded by 712 nt and followed by 240 nt and a poly(A) tail. The genome organization was analogous to that of other picornaviruses, and the deduced amino acid sequence of the C-terminal one-third of the polyprotein had a high degree of sequence conservation with picornaviruses. These observations made it possible to suggest that the first 712 nt are a 5Ј nontranslated region (NTR). The length is similar to that of other picornaviruses and must encode cis-acting elements and an internal ribosome entry site (IRES) (25) . The base composition was found to be 19.5% adenine, 21.1% guanine, 37.8% cytosine, and 21.6% uracil. This high GϩC content (Ϸ59%) was relatively similar to that of aphthoviruses (in FMDV-O, GϩC is 53%) rather than of enteroviruses (in PV1, GϩC is 45%), rhinoviruses (in HRV14, GϩC is 41%), hepatoviruses (in HAV, GϩC is 38%), cardioviruses (in EMCV, GϩC is 49%), or E22 (GϩC is 39%). In the Aichi virus 5Ј NTR, neither a poly(C) tract, as found in aphtho-and cardioviruses, nor a relatively long pyrimidine-rich sequence (approximately 40 bases), structurally analogous to the poly(C) tract found in hepatoviruses, was observed. Although the precise secondary structure of the 5Ј NTR could not be defined, the location of the pyrimidine tract (nt 695 to 701) and the initiator methionine (nt 713) suggested that the IRES of Aichi virus belongs to type II, similar to aphtho-, cardio-and hepatoviruses (Fig. 1) . RNA folding analysis of the extreme 5Ј end of the RNA with the MFOLD program in CGC (version 9.0, December 1996; Genetics Computer Group, Madison, Wis.) suggested the presence of a hairpin structure followed by pseudonots, such as found in aphtho-, cardio-, and hepatoviruses (data not shown). The picornavirus 3Ј NTRs differ in length, ranging from 40 nt in HRV to 126 nt in EMCV (32) , and the 3Ј NTR of the Aichi virus genome was longer than that of EMCV, the longest in the picornavirus family, by more than 100 nt. Whether the 3Ј NTR of Aichi virus consists of three double-stranded hairpin stems, as seen in EMCV, two stems, as seen in PV1 and FMDV, or a single stem, similar to HRV and HAV, could not be determined (2, 27) .
Aichi virus virions contain three, not four, capsid proteins, of 42, 30, and 22 kDa. No protein band corresponding to VP4 (usually 7 to 8 kDa) was observed in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), even when only 1 g of purified virions was loaded onto the gel and visualized by silver staining. Because it has been reported that preparations of highly purified picornavirus particles invariably contain small amounts of VP0, intact Aichi virus particles were separated from the empty particles by sedimentation in sucrose, and the capsid proteins were separated by SDS-PAGE. The proteins composing these two particles were found to be similar (Fig. 2) . This clearly illustrated that the Aichi virus virion has no VP4, as previously shown for E22 (15) .
To further characterize each capsid protein and identify some of the cleavage sites, 30-and 22-kDa proteins from the intact particles were separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane, and then the Nterminal sequence was determined. The analysis provided the results TLTEDLDAPQDTGNI and HWKTRAVPGAG for the 30-and 22-kDa proteins, respectively. These sequences were found at aa 765 to 779 and 542 to 552 in the predicted polyprotein sequence. These residues unambiguously localized the N-terminal end of VP1 and VP3 in Aichi virus P1 protein ( Table 1 ). The largest, 42 kDa, provided no signal in the analysis, indicating that the N-terminal amino acid was blocked. This was not surprising, because the N-terminal end of picornavirus VP4 is myristylated, and it has been shown that a characteristic consensus myristylation sequence (GXXX[T/ S], where X is a nonconserved amino acid) is conserved in all picornaviruses. This motif was easily found at aa 171 to 175 of the Aichi virus polyprotein. Therefore, glycine at aa 171 was probably myristylated like other VP4 proteins of picornaviruses (32) . Because the molecular mass calculated for aa 171 to 541 (Ϸ39 kDa) was close to the molecular mass obtained in SDS-PAGE and no VP4 was found on the gel, we concluded that the 42-kDa protein is VP0 and that no VP4-VP2 cleavage occurred. The Aichi virus 42-kDa protein strongly reacted with convalescent-phase serum from patients (40); therefore, it probably constitutes the surface of the virions. We concluded that the VP0-VP3 and VP3-VP1 cleavage sites are Q-H and Q-T, respectively. These observations further indicated that a leader (L) protein consisting of 170 aa is present upstream of VP0. The length of the L protein is a little shorter than that of FMDV (217 aa) and more than two times longer than that of EMCV (67 aa). However, neither the catalytic dyad (Cys and His) conserved in a papain-like thiol protease and found in the FMDV L protein (12, 26) nor a putative zinc-binding motif, Cys-His-Cys-Cys, found in EMCV or TMEV (6) could be identified. The function of the Aichi virus L protein is unknown at the moment. Although there was no consensus amino acid sequence around the VP1-2A junctions among the picornaviruses, the P1-P2 cleavage site of Aichi virus was tentatively determined to be Y-V, located at aa 1042 and 1043, based on the molecular mass of VP1 and the known P1-P2 cleavage site of HRV2 (31) .
Possible cleavage sites of nonstructural proteins were determined from amino acid alignment with known picornaviruses. Cleavage sites 2A-2B, 2B-2C, 2C-3A, 3A-3B (VPg), 3B-3C pro , and 3C pro -3D pol are similar to those well conserved among picornaviruses, and they were tentatively assigned as Q-G, Q-G, Q-G, Q-A, Q-G, and Q-S, respectively. The 2A protein of picornavirus is known to have a cis-acting proteolytic activity and has been classified into two types. In entero-and rhinoviruses, 2A functions autocatalytically to cleave the P1 polyprotein at its own N terminus and mediates the cleavage of the p220 component of the cap-binding complex eIF-4␥, leading to the shutoff of host cellular protein synthesis. Like 3C protease, a catalytic triad conserved in trypsin-like protease has been identified (3, 43) . In aphtho-and cardioviruses, on the other hand, 2A mediates the cleavage at its own C terminus and the autocleavage motif, NPEG, is conserved in a C-terminal 2A protein (11, 30) . In Aichi virus 2A protein, neither the critical GXCG motif of trypsin-like protease nor the NPEG motif could be found. Further study is necessary to elucidate the function and capability of Aichi virus 2A in virus replication. Amino acid sequences of the 2C, 3C
pro , and 3D pol regions were well aligned with other picornaviruses (data not shown). Although the function of 2C protein was not completely elucidated, a highly conserved motif (GxxGXGKT [X, uncharged, x, nonconserved]) in the nucleotide binding domain of the putative picornavirus helicase was found in Aichi virus 2C protein. 3B (VPg) of Aichi virus (27 aa) was longer than that of other picornaviruses by 3 to 7 aa. A tyrosine residue was conserved at the third amino acid, as observed in other VPg proteins of picornaviruses. We found only one copy of the VPg sequence; therefore, Aichi virus was determined to be different from aphthoviruses, which have three copies of the VPg sequence in tandem. The 3C pro that participates in most of the cleavages of picornavirus polyprotein contains a catalytic triad formed by histidine, aspartate/glutamate, and cysteine. These amino acids are conserved in all picornaviruses, and they were seen in Aichi virus 3C pro at positions 42, 84, and 143, respectively. A motif, GXCGG, conserved at the C terminus of enterovirus and rhinovirus 3C pro was considered to form a part of the active site, and this motif was present but altered to GXCGS in Aichi virus (X, nonconserved amino acid). An identical change was observed in cardioviruses. A histidine   FIG. 2 . Electron micrograph (A) and SDS-PAGE analysis (B) of Aichi virus full particle (F) and empty particle (E). The intact virions and the empty particles were purified by banding at 100,000 ϫ g for 22 h in CsCl with an initial density of 1.36g/ml followed by 5 to 30% (wt/vol) sucrose density gradient centrifugation at 100,000 ϫ g for 100 min (40) . The proteins were analyzed by SDS-12% PAGE, and the bands were visualized by silver staining. For N-terminal sequence analysis, the protein band was transferred to a polyvinylidene difluoride membrane (Millipore Corporation, Bedford, Mass.) and analyzed by an Applied Biosystems model 476A automated protein sequencer. residue that probably participates in the substrate binding pocket in the trypsin-like protease was found at aa 161 in Aichi virus 3C pro (3, 5) . Highly conserved motifs (KDELR, YGDD, and FLKR) in picornavirus 3D pol were found at aa 160, 328, and 377, respectively, in Aichi virus 3D pol . The genome structure of Aichi virus, VPg-5Ј NTR-leader protein-structural proteins-nonstructural proteins-3Ј NTRpoly(A) tail, is typical of a picornavirus (Fig. 3) . The overall structure of the Aichi virus genome most closely resembled an aphthovirus, except for VPg. The genome organization was apparently different from that of caliciviruses, including small round-structured viruses, or that of astroviruses. These two viruses contain three open reading frames, and 3D pol is located more than 2,000 nt upstream of the poly(A) tail due to the presence of a capsid protein gene (17, 19, 39) .
The nucleotide sequence homologies of the 5Ј and 3Ј NTRs and the amino acid sequence homologies between Aichi virus and representative viruses from other picornaviruses are shown in Table 1 . The 5Ј NTR of Aichi virus exhibits a similar and relatively high degree of sequence homology with other viruses. The homology of Aichi virus proteins with corresponding polypeptides of other picornaviruses varied between 15 and 36%, except for a short leader of HAV and E22. This value is of the same order as that seen when HAV or E22 is compared with other picornaviruses (7, 15) . The dendrogram based on 3D pol proteins is depicted in Fig. 4 , indicating that Aichi virus should be separated from the known six genera of picornaviruses including entero-, rhino-, cardio-, aphtho-, and hepatoviruses and E22 (15, 28, 32, 33) .
Acute epidemic gastroenteritis outbreaks after consumption of raw oysters are reported every winter in Japan (1, 13, 14, 34, 37) , and most of them are suspected to be caused by Norwalklike viruses. However, it has become obvious that some of them have been caused by Aichi virus (41) . The primary structure of Aichi virus elucidated in this study will be unambiguously useful for developing sensitive and specific detection of Aichi virus sequences by PCR. By such a detection system, the significance of Aichi virus as a causative agent in acute nonbacterial gastroenteritis will be clarified.
Nucleotide sequence accession number. The complete nucleotide sequence of Aichi virus has been submitted to the DDBJ, EMBL, and GenBank databases under accession no. AB010145. (29) . P1 represents viral structural proteins. P2 and P3 represent nonstructural proteins. P1 proteins of hepatovirus and E22 produce 6-and 12-aa leaders, respectively (5 and 11 aa without the initiator methionine).
FIG. 4. Relationships between
Aichi virus and other picornaviruses based on amino acid differences of 3D pol proteins. The dendrogram was generated by evolutionary distances computed by UPGMA.
